belongs to the 12-member mammalian ORP gene/protein family. We characterize in the present study the effects of inducible ORP2 overexpression on cellular cholesterol metabolism in HeLa cells and compare the results with those obtained for CHO cells (Chinese-hamster ovary cells) that express ORP2 constitutively. In both cell systems, the prominent phenotype is enhancement of [
INTRODUCTION
In mammalian cells cholesterol homoeostasis is achieved through complex regulatory circuits that control, on the one hand, the biosynthesis and esterification of cholesterol and, on the other, the uptake of cholesterol from lipoprotein carriers and the efflux of cholesterol to extracellular acceptors. The major regulators of cholesterol biosynthesis and uptake, as well as fatty acid biosynthesis, are transcription factors called SREBPs (sterol-regulatoryelement-binding proteins) and their sterol-sensing accessory factor, the SCAP (SREBP cleavage activating protein) [1, 2] . Another route for transcriptional regulation of sterol metabolism involves the liver X receptors, nuclear receptors that bind oxidized cholesterol derivatives, oxysterols, and control the expression of several genes involved in intestinal cholesterol adsorption, cellular cholesterol efflux, plasma lipid transport, and conversion of cholesterol into bile acids (reviewed in [3] ).
The subcellular distribution of cholesterol is markedly asymmetric. A majority of cell cholesterol resides in the PM (plasma membrane), where it constitutes 35-45 % of the lipid molecules. Also early and recycling endosomes and the trans-part of the Golgi complex contain significant amounts of cholesterol, while the ER (endoplasmic reticulum) is cholesterol-poor (reviewed in [4] ). The mechanisms responsible for this asymmetry are not well understood. The ER contains the major sensors and enzymatic activities responsible for the maintenance of cellular cholesterol homoeostasis, the SREBP-SCAP system, the ACATs (acyl-CoA:-cholesterol acyltransferases) enzymes that generate the storage form of cholesterol, CEs (cholesteryl esters), and the rate-limiting enzymes of the cholesterol biosynthetic pathway. Accordingly, the homoeostatic apparatus is responsive to changes in the ER cholesterol content (reviewed in [5, 6] ).
The efflux of cholesterol from cells occurs through four mechanisms, the combination of which determines the rate of cholesterol efflux from a given cell type in vivo. First, cholesterol can transfer to acceptors in the circulation via a diffusion-mediated process that is bidirectional. The net transfer here is driven by extracellular cholesterol esterification that maintains a concentration gradient between lipoprotein surfaces and cell membrane. Secondly, a similar bidirectional transport process can be facilitated by SR-B1 (scavenger receptor B-1). Thirdly, cholesterol and phospholipids are removed from cells by an active unidirectional protein-dependent mechanism involving ABCA1 (ATP-bindingcassette transporter A1) and lipid-poor apolipoprotein acceptors [7] . The recently discovered fourth mechanism involves ABCG1 and ABCG4 and spherical HDL (high-density lipoprotein) acceptors [8] .
OSBP (oxysterol-binding protein) is a cytoplasmic protein that shows affinity for a number of oxysterols, 27-carbon oxygenated derivatives of cholesterol [9] . Overexpression of OSBP in CHO cells (Chinese-hamster ovary cells) increases the synthesis of cholesterol and SM (sphingomyelin) [10, 11] and OSBP has been suggested to play a role in the trafficking of ceramide from the ER to the Golgi apparatus [12] . A family of human ORPs (OSBPrelated proteins) was recently identified that, in addition to OSBP, consists of 11 members. Related protein families are present throughout the eukaryotic kingdom, suggesting a fundamental role of the ORPs in lipid metabolism [13] . We recently characterized one of the human OSBP-related proteins, ORP2, and presented evidence for its role in the control of cellular cholesterol efflux and esterification in stably transfected CHO cells [14] . Furthermore, analysis of Saccharomyces cerevisiae strains with disruptions of the yeast ORP (OSH) genes revealed major phenotypic effects involving sterol metabolism [15, 16] . To investigate the mechanisms underlying the effects of ORP2 on cellular cholesterol metabolism, we have now established stable T-REx HeLa cell lines that can be induced with doxycycline to overexpress ORP2. Inducible expression allows the analysis of the acute effects of ORP2, in contrast with the constitutively expressing ORP2/CHO cells, the phenotype of which may be due to adaptive processes during the long selection and single-cell cloning periods in the presence of excess ORP2. We characterize in the present study the effects of inducible ORP2 overexpression on cellular cholesterol metabolism and compare the results with those obtained with the constitutive ORP2/CHO cells. Furthermore, in search for the mechanisms responsible for the observed alterations in cholesterol metabolism, we identify a phosphoinositide ligand of ORP2 and assess the effects of ORP2 overexpression on fluid-phase and receptor-mediated endocytosis.
EXPERIMENTAL

Antibodies and other reagents
Rabbit polyclonal anti-LDL receptor antibody (where LDL stands for low-density lipoprotein) was purchased from PROGEN (Heidelberg, Germany), rabbit polyclonal antibodies anti-SR-B1 and anti-ABCA1 from Novus Biologicals (Littleton, CO, U.S.A.), and rabbit polyclonal anti-GRP-94 from Santa Cruz Biotechnology (Heidelberg, Germany). Rabbit antibodies raised against the cytosolic domain of mouse syntaxin 2 were produced in the laboratory using a standard immunization method. Production of rabbit polyclonal anti-ORP2 antibody is described in [14] . Tetramethylrhodamine-conjugated dextran (10 kDa), DiI-LDL (1,1 -dioctadecyl-3, 3, 3 ,3 -tetramethyl-indocarbocyanineperchlorate-labelled LDL) and FITC-conjugated Tfn (transferrin) were from Molecular Probes (Leiden, The Netherlands).
Selection of stably transfected inducible HeLa cells and cell culture
Human ORP2 cDNA [17] was cloned into a BamHI site of the pcDNA4/TO expression vector (Invitrogen, Leek, The Netherlands). T-REx HeLa cells (Invitrogen) were transfected with the expression plasmid using Lipofectamine TM 2000 (Invitrogen). Cells containing expression plasmid were selected with 1.0 mg/ml zeocin in growth medium and identified by immunofluorescence microscopy with rabbit anti-ORP2 antibody [14] after a 20 h induction with 1 µg/ml doxycycline. Single-cell cloning was carried out by limiting dilution. Cell lines 21f3, 38b10 and 40d5 were used in the present study.
T-REx HeLa cells were cultured in Eagle MEM (Sigma) supplemented with 10 % (v/v) Tet System-approved FBS (fetal bovine serum; BD Biosciences, Heidelberg, Germany and ClonTech Laboratories, Heidelberg, Germany), 10 mM Hepes, 100 units/ml penicillin, 100 µg/ml streptomycin and 5 µg/ml blasticidin. The transfected cells were cultured in the same medium supplemented with 600 µg/ml zeocin. ORP2 overexpression in T-REx HeLa cells was induced with 1 µg/ml doxycycline for 42 h.
Stably transfected CHO-K1 cells were cultured in Iscove's modified Dulbecco's medium (Sigma), supplemented with 10 % FBS (Life Technologies, Basel, Switzerland), 100 units/ml penicillin, 100 µg/ml streptomycin and 400 µg/ml Geneticin (G-418 sulphate; Life Technologies). The stably transfected ORP2/CHO cell lines (clone A5a9 described in [14] and clone A6d6), and CHO cells transfected with the pcDNA3.1 (Invitrogen) vector plasmid (denoted as control cells) were used.
Assay for [ 14 C]cholesterol efflux and esterification
Cells were seeded on day 1 on 3 cm dishes and cultured in a medium containing 10 % serum. On day 2, the medium was changed and 54 µCi/mmol [ 14 C]cholesterol (0.2 µCi/dish in a volume of 2 ml; Amersham Biosciences, Little Chalfont, Bucks., U.K.), and in some experiments 2 µg/ml ACAT inhibitor PKF 058-035 (Novartis, Basel, Switzerland) were added to fresh serum containing medium. ORP2 expression was induced in T-REx HeLa cells with 1 µg/ml doxycycline in the labelling medium. After 42 h of labelling in the presence or absence of doxycycline the growth medium was discarded. The cells were washed twice with PBS, and 1 ml of serum-free medium or medium containing 20 % (v/v) human serum was added. After 2 h at 37
• C, the radioactivity in the medium and in the cells was measured. In some experiments the efflux was carried out using human HDL 2 (15 µg/ml of HDL; efflux time 4 h), BSA (2 mg/ml) or BSA plus human apoA-I (20 µg/ml; efflux time 4 h) as acceptors. After washing, the cells were scraped into 1 ml of ice-cold 2 % (w/v) NaCl. Extraction and HPTLC (high-performance TLC) analysis of the lipids were performed as previously described in [14, 18] . The amounts of 14 C-labelled FC (free cholesterol) and CEs were measured by liquid-scintillation counting. The total amount of [ 14 C]cholesterol radioactivity incorporated into the cells during the labelling period did not differ significantly between the induced and the noninduced ORP2/HeLa cells.
Quantification of cyclodextrin-accessible cell-surface cholesterol
Tet-inducible ORP2/HeLa cells were incubated for 42 h with [
14 C]cholesterol in a medium supplemented with 10 % FBS or with 5 % LPDS (lipoprotein-deficient serum), chased for 2 h, and subjected to a 5 min incubation with 5 mM methyl-β-cyclodextrin (Sigma) in Hepes-buffered serum-free medium on a shaking water bath at 37 • C. In the case of ORP2/HeLa cells, incubation in the presence or absence of doxycycline (1 µg/ml) was carried out concomitantly with the 42 h labelling. The cyclodextrin medium was collected and the cells were harvested as described above. The [
14 C]cholesterol content of the medium and of the cells was determined by liquid-scintillation counting.
Enrichment of PMs by the colloidal silica method
The colloidal silica method for the enrichment of PMS was first described in [19] . Chlorhydrol-coated Levasil 50 beads {Ober-meier; nominal diameter 500 Å (1 Å = 0.1 nm), 30 % dilution prepared as in [19] } were diluted to 1 % with 20 mM MES (pH 6.7), 150 mM NaCl and centrifuged at 800 g for 5 min at 4
• C to remove aggregates. Two 10 cm dishes of T-REx HeLa cells were incubated for 40 h in the absence or presence of 1 µg/ml doxycycline. The cells were washed twice with 20 mM Mes and 150 mM NaCl (pH 6.7), and overlaid with 5 ml of 1 % silica solution. After incubating the cells on ice for 1 min, they were washed and overlaid with 5 ml of 1 mg/ml polyacrylic acid in the above buffer. After 1 min on ice the cells were washed and scraped in 25 mM Hepes/KOH (pH 7.4), 4 mM MgCl 2 and 150 mM NaCl. The cells were then disrupted with a Dounce homogenizer and the lysate was added on 1 ml of 70 % (w/v) Nycodenz (Nyegaard, Oslo, Norway), followed by centrifugation at 63 000 g for 45 min at 4
• C in a SW60 Beckman rotor. Total membranes were isolated in sucrose step gradients as described in [14] .
LC-ESI (liquid chromatography-electrospray ionization)-MS analysis of phospholipids
The lipids of PM fractions of the HeLa cell lines enriched using the silica method were extracted [20] , spiked with internal standards, evaporated to dryness under nitrogen, and dissolved in chloroform/methanol (1:2). Several internal standards were needed to correct for the effects of polar head group and acyl chain length on the instrument response according to previously reported procedures [21, 22] . The synthetic di-16:1, di-20:1 and di-22:1 PC (phosphatidylcholine) species were purchased from Avanti Polar Lipids (Alabastor, AL, U.S.A.). The di-16:1, di-20:1 and di-22:1 PE (phosphatidylethanolamine) and PS (phosphatidylserine), 34:2 and 36:2 PI (phosphatidylinositol), and 15:0, 21:0 and 25:0 SM species were synthesized and purified in our laboratory as described previously [22] . Just before the MS analysis, 1 % NH 4 OH was added and the lipid extracts with the internal standards were infused to the electrospray source of a Quattro Micro triple quadrupole mass spectrometer (Micromass, Altrincham, Cheshire, U.K.). The PC and SM (precursor of 184), PE (neutral loss of 141), PS (neutral loss of 87) and PI (precursor of 241) species were selectively detected using head group-specific MS/MS scanning modes. The quantifications and calibrations, applying the responses of the internal standards, were performed using Visual Basic-based macros in Excel (Microsoft).
Analysis of cholesterol distribution into detergent-insoluble membranes
T-REx HeLa cells were labelled with [ 14 C]cholesterol in the presence or absence of 1 µg/ml doxycycline for 42 h and Triton X-100 insoluble membranes were extracted as described previously [18] . Briefly, after labelling, the cells were washed with ice-cold PBS and harvested by centrifugation. The cell pellets were resuspended in TNE (25 mM Tris/HCl, pH 7.5, 150 mM NaCl and 5 mM EDTA), 10 % (w/v) sucrose, 1 mM dithiothreitol, protease inhibitor mixture (25 µg/ml each of chymostatin, leupeptin, antipain and pepstatin A) and 1 % Triton X-100 at 4
• C. After 10 min on ice, the cell homogenate was mixed with 60 % OptiPrep TM and overlaid with steps of 35, 30, 25, 20 and 0 % OptiPrep TM in TNE/10 % sucrose/1 % Triton X-100. The gradient was centrifuged at 164 000 g for 4 h at 4
• C in a Beckman SW60 rotor. Six fractions were collected from the top and the radioactivity was measured by liquid-scintillation counting.
Analysis of the arrival of newly synthesized cholesterol at the PM For measuring the appearance of newly synthesized [ 3 H]cholesterol at the PM, a method described in [18] 
Analysis of cholesterol concentrations
In order to analyse the total, free and esterified cholesterol in T-REx HeLa cell lines, cells were grown on 3 cm dishes in a medium containing 10 % serum or 5% LPDS in the presence or absence of doxycycline for 42 h. Cells were homogenized in 1 ml of 2 % NaCl and aliquots of 200 µl were taken for protein analysis. Lipids were extracted from the remaining 800 µl with 1:2 chloroform/methanol [24] . The lower phase containing the lipids was evaporated under nitrogen, freeze-dried for 1 h and dissolved in 120 µl of methanol. Cholesterol was measured enzymatically using either Cholesterol CHOD-PAP (kit 1489232, Roche, Mannheim, Germany) for TC (total cholesterol) or Free Cholesterol C (kit 274-47109E, Wako, Tokyo, Japan) for FC. Esterified cholesterol was calculated by subtracting the FC from the TC. The cholesterol content of PMs enriched with the silica method was determined using a more sensitive assay described in [25] .
Assays for fluid-phase and receptor-mediated endocytosis
Inducible T-REx HeLa cells were grown on coverslips in the presence or absence of doxycycline for 42 h and then, in the case of DiI-LDL or FITC-Tfn uptake, incubated in serum-free medium for 2 h at 37
• C. Rhodamine-dextran (5 mg/ml in serum-containing growth medium) or DiI-LDL (10 µg/ml in serum-free medium) was internalized at 37
• C. After different times the cells were washed with PBS and fixed with 4 % (w/v) paraformaldehyde for 20 min. FITC-Tfn (50 µg/ml in serum-free medium) was similarly internalized for 5, 15 or 60 min, and the cells were fixed after 30 s treatment in acetate buffer (pH 4.5) and 100 mM NaCl, to remove surface-bound Tfn conjugates. For recycling, FITC-Tfn was internalized at 16
• C for 60 min, and the cells were washed and treated with acid buffer, followed by a 5 or 15 min chase in serum-free medium containing 500 µg/ml of unlabelled human holo-Tfn. The coverslips were mounted in Mowiol containing 50 mg/ml of 1,4-diazabicyclo(2.2.2)octane and analysed using a Leica TCS SP1 laser scanning confocal microscope system. The cellular fluorescence was quantified from images recorded at identical microscope settings, with the pinhole open (Airy 5), using the Quantify program set of the Leica LCS software package.
Liposome preparation and binding assay
Liposome pull-down assays were carried out as described in [26] . Liposomes were prepared from L-α-phosphatidylcholine (Sigma, 100 nmol/assay), [ 14 C]dipalmitoyl phosphatidylcholine (50 nCi/assay, Amersham Biosciences), butylated hydroxytoluene (1 nmol/assay) and 1 nmol of the different dipalmitoylphosphoinositides [PtdIns(3)P, PtdIns(4)P, PtdIns(5)P, PtdIns-(3,5)P 2 , PtdIns(4,5)P 2 (Matreya, Pleasant Gap, PA, U.S.A.), PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 (Sigma)]. The reagents were dried under nitrogen, freeze-dried for 1 h and stored in − 20
• C until use. Liposomes were prepared by resuspending the lipids in 20 mM Hepes/KOH (pH 7.6) and 100 mM KCl, vortex mixing and sonicating. Aggregates and large vesicles were removed by centrifugation at 16 000 g for 15 min. Purified GST (glutathione S-transferase)-ORP2 fusion protein (100 µg), GST fusion of the PH (pleckstrin homology) domain of PLCδ (phospholipase Cδ) (30 µg) or GST alone (50 µg) were immobilized on 30 µl of glutathione-Sepharose 4B beads (Amersham Biosciences) in the above buffer. The amounts of protein were designed to obtain equimolar amounts of ORP2 and PLCδ PH domain on the beads, taking into account that the GST-ORP2 preparation contained 65 % intact protein and 35 % proteolytically released GST. The amount of control GST equalled that of the GST moiety on the ORP2 beads and slightly exceeded that on the PLCδ PH domain beads. The beads were then washed twice with the above buffer, mixed with the liposomes and incubated for 30 min at room temperature (22
• C) on a roller. The beads were collected by centrifugation at 500 g for 5 min and washed three times with the same buffer. The radioactivity associated with the pellets and the supernatants was determined by liquid-scintillation counting.
Other methods
Protein concentrations were determined with the Bio-Rad DC Protein assay (catalogue no. 500-0116) using BSA as a standard.
For Western blotting, 15 µg of total protein was separated in SDS/12.5 % (ORP2, SR-B1, syntaxin 2 or GRP-94), 8 % (LDL receptor) or 5 % (ABCA1) polyacrylamide gels and transferred to Hybond-C nitrocellulose membrane (Amersham Biosciences) according to the manufacturer's instructions. Unspecific binding of antibodies was blocked with 5 % (w/v) fat-free cow's milk in 10 mM Tris/HCl, pH 7.4, 150 mM NaCl and 0.1 % Tween-20. Primary antibodies diluted in the same buffer were incubated with the filters overnight at 4
• C, and the bound antibodies were visualized using horseradish peroxidase-conjugated goat anti-rabbit IgG (Bio-Rad Laboratories, Glattbrugg, Switzerland) and the enhanced chemiluminescence system (ECL ® , Amersham Biosciences).
GST-ORP2 and GST-PH(PLCδ) were produced in Escherichia coli BL21 from the expression vector pGEX-1λT (Pharmacia, Orsay, France) and purified using glutathioneSepharose 4B using a standard method.
RESULTS
Characterization of inducible ORP2/HeLa cell lines
To characterize the acute effects of ORP2 overexpression we used three independent inducible T-REx ORP2/HeLa cell lines (21f3, 38b10 and 40d5). Two constitutive ORP2/CHO cell lines (A6d6 and A5a9) were included in some of the analyses for a comparison. In mock-transfected T-REx HeLa cells, no endogenous ORP2 was detectable. In the non-induced situation, two of the transfected cell lines (21f3 and 38b10) showed some leakage ORP2 expression while the third one (40d5) did not. After 42 h induction, all three lines displayed strong ORP2 expression comparable with that seen in the constitutive ORP2/CHO lines ( Figure 1 ). In contrast with the T-REx HeLa cells, endogenous ORP2 was detectable in control CHO cells transfected with the empty vector (see also [14] ). 
Effect of inducible ORP2 overexpression on cholesterol efflux
To test if the inducible ORP2/HeLa cells display increased cholesterol efflux similar to that observed in ORP2/CHO cells [14] , the amount of Figure 2B ). To study the possibility that the increased amount of radioactive cholesterol in the medium could be due to shedding of PM, we also measured cholesterol efflux to the medium with no acceptors ( Figure 2C ). The relative amount of [
14 C]cholesterol released into the acceptor-free medium was negligibly low (0.4-1.4 %). Even though the values for the induced, ORP2-expressing cells were higher than for the noninduced cells, the extent of putative membrane shedding was so small that it cannot explain the observed changes in cholesterol efflux to serum acceptors.
We also analysed by Western blotting the expression levels of two proteins known to be involved in cholesterol efflux, ABCA1 and SR-B1, in induced and non-induced ORP2/HeLa cells. Using a commercial antibody that detected a strong signal in macrophages, we did not observe ABCA1 expression in these cells. SR-B1 protein was detectable, but there was no difference in the expression level between the induced and non-induced cell specimens (results not shown).
PM lipid composition and cholesterol organization in ORP2/HeLa cells
The above results suggested that the ORP2-mediated efflux enhancement may result from a change in the cellular or PM cholesterol distribution that makes it more readily available for efflux. We next probed the PM [ 14 C]cholesterol in ORP2/HeLa 21f3 cells cultured in a medium supplemented either with 10 % FBS or with 5 % LPDS, under inducing or non-inducing conditions, with a brief treatment with methyl-β-cyclodextrin that does not permeabilize the PMs of the cells [18] . Under both conditions, the expression of ORP2 was associated with a significant increase in the cyclodextrin extractability of the cholesterol ( Figure 3A) .
To determine the lipid composition of the ORP2/HeLa cell PMs in the induced and non-induced states, we enriched a PM fraction of these cells, cultured in the presence of 10 % FBS, using a previously described colloidal silica method [19] . As judged from Western blotting using antibodies raised against PM (syntaxin 2) and ER (GRP-94) markers and densitometric scanning, the enrichment of PMs was 6-fold. The cholesterol content of these membranes was determined enzymatically and phospholipids were analysed by LC-ESI-MS. Cholesterol represented 27-31 mol % of the total lipids, and there was no difference between the induced and non-induced ORP2/HeLa membrane preparations ( Figure 3B ). Furthermore, there was no significant difference between the induced and non-induced cells in the relative amounts of the SM, PC, diacyl-PE, PS or PI classes ( Figure 3B) , nor in the molecular species composition within these classes (results not shown).
To investigate the possibility that the distribution of cholesterol between DRM (detergent-resistant membrane) and sensitive membrane domains might have changed in the induced ORP2/ HeLa cells, we isolated Triton X-100-resistant membrane domains of the cells and analysed the proportion of the cellular [
14 C]cholesterol found in the DRM ( Figure 3C ). The analysis revealed no difference between the induced and non-induced ORP2/HeLa cells. A similar result was obtained when a milder detergent, Brij96, was used for raft isolation. To address the question whether association of the ORP2 protein directly with the cellular PMs might provide an explanation for the increased cholesterol efflux, we Western blotted total membrane and PM fractions isolated from the inducible HeLa cells using the colloidal silica method, with ORP2 antibodies. Even though, as shown previously by Laitinen et al. [14] , a minor portion of the ORP2 was membrane associated, the protein was not detected in the PM fraction (results not shown).
Intracellular transport of newly synthesized cholesterol in cells overexpressing ORP2
To investigate whether ORP2 affects the transport of newly synthesized cholesterol from the ER to the PM, we measured the appearance of newly synthesized [ 3 H]cholesterol in a cellsurface pool accessible for extraction with methyl-β-cyclodextrin [18] . These experiments were carried out in the stably transfected ORP2/CHO cell line A5a9, the efflux phenotype of which is markedly more pronounced than that of the inducible HeLa cells [14] . To be able to compare the results with those obtained for prelabelled cholesterol which mainly resides in the PM, the cells were first incubated for 36 h with [ 14 C]cholesterol. Labelling of newly synthesized cholesterol was then carried out as described in the Experimental section. Cyclodextrin was added to the medium in the last 5 min of the 2 h chase. The medium and the cells were collected, and both [ 3 H]cholesterol and [ 14 C]cholesterol were quantified. In control cells, 21 % of the newly synthesized [ 3 H]cholesterol was accessible to cyclodextrin after the 2 h chase, while in the ORP2 cells the proportion of newly synthesized cholesterol accessible to cyclodextrin was significantly higher, 30 % (Figure 4 ). Also the extractability of prelabelled [ 14 C]cholesterol was significantly higher in the ORP2 cells as compared with the controls (33 % versus 28 %). However, the difference was less pronounced than for [ 3 H]cholesterol. The results indicate that the transport of newly synthesized cholesterol to the cell surface in general or to cell-surface domains preferentially accessible to cyclodextrin extraction is enhanced in the cells that overexpress ORP2.
Cholesterol esterification in ORP2/HeLa cells
To investigate how the homoeostatic control of cholesterol metabolism functions in the ORP2/HeLa cells apparently losing FC from the PM due to ORP2 expression, we determined the proportion of the [ 14 C]cholesterol that was esterified after 42 h of ORP2 induction and labelling ( Figure 5A ). In contrast with ORP2/CHO cells that display a reduction of cholesterol esterification [14] , the induced ORP2 overexpression led to enhanced cholesterol esterification in two HeLa cell lines out of the three. In the third line (38b10), the esterification was high already in the non-induced state and there was no change upon induction. The fact that the ORP2/HeLa and the ORP2/CHO cells both show enhanced cholesterol efflux but the cholesterol esterification phenotypes are different suggested that the observed increase in efflux is not a secondary phenomenon due to reduced cholesterol esterification. To clarify the issue further, we employed the ORP2/ CHO A5a9 cell line that shows a marked (approx. 50 %) enhancement of [ 14 C]cholesterol efflux as compared with control CHO cells. The cells were labelled with [ 14 C]cholesterol in the presence or absence of the ACAT inhibitor PKF 058-035. In the presence of PKF, esterification of [ 14 C]cholesterol was abolished (99 % inhibition) in both cell lines. The efflux of labelled cholesterol to human serum was measured and the results in the presence and absence of the inhibitor were compared. The ORP2/ CHO cells displayed a significant increase in cholesterol efflux as compared with controls both in the absence and in the presence of PKF ( Figure 5B ). We therefore conclude that the increase in [ 14 C]cholesterol efflux in ORP2 overexpressing cells is not due to decreased ACAT activity and a resulting increase in FC available for efflux, but due to other mechanisms that are involved. 
HMG-CoA reductase activity in cells overexpressing ORP2
Since ACAT activity is subject to allosteric regulation by ER cholesterol (reviewed in [27] ), the above results indicated that the cholesterol concentration in the ER may have changed in opposite directions in the ORP2/HeLa and ORP2/CHO cell models. We therefore determined the activity of the major ratelimiting enzyme of cholesterol biosynthesis, HMG-CoA reductase, which is also regulated by the cholesterol content of ER membranes [28] . To determine the effects of ORP2 overexpression on the regulation of cholesterol biosynthesis, the inducible ORP2/HeLa cells were cultured for 42 h in lipoprotein-deficient medium and the activity of the HMG-CoA reductase was assayed ( Figure 6A ). In all three inducible ORP2/HeLa cell lines, an increase in HMG-CoA reductase activity (33 % for 21f3, 168 % for 38b10 and 43 % for 40d5) was observed upon ORP2 induction. The activity was markedly low both in the non-induced and the induced situation in the cell line 38b10, which also showed higher cholesterol esterification activity than the other two ORP2/HeLa lines, indicating that, even though this cell line behaves similarly to the other two upon doxycycline induction, it differs from them in cholesterol homoeostatic status. Like the ORP2/HeLa cell lines, both ORP2/CHO cell lines showed an increase (146 % for A5a9 and 55 % for A6d6) in HMG-CoA reductase activity compared with the control cells (results not shown). Thus it seems that cells overexpressing ORP2 display a homoeostatic response to an increase cholesterol biosynthesis.
The results obtained with radioisotope-labelled cholesterol suggest that the cellular cholesterol balance has changed in ORP2 expressing cells. We therefore determined the absolute cholesterol content of the inducible ORP2/HeLa cells cultured either in normal serum-containing medium or in lipoprotein-deficient medium containing 5 % LPDS. TC and FC in the cells were quantified, and CEs were calculated by subtracting FC from TC. The TC content of the cells cultured in the presence of serum did not change upon induction ( Figure 6B ). However, the amount of FC was significantly decreased in the induced cells, the average reduction in the three cell lines being 11 %. The level of CEs tended to be higher in the induced cells, in accordance with the results of the [
14 C]cholesterol labelling experiments. If cell line 38b10, with an aberrant cholesterol esterification activity (see above), was excluded from the analysis, the increase of cellular CE became statistically significant (average increase of 100 %, P < 0.001). In cells cultured in LPDS-containing medium, a slight decrease was observed in both TC (− 8 %) and FC (− 11 %) upon induction of ORP2 expression. However, there was no change in the cellular content of CE ( Figure 6C ). The results are consistent with the interpretation that the ORP2 expressing HeLa cells are depleted of FC, but the TC level is not affected when the cells are able to compensate for the increased cholesterol efflux by cholesterol uptake from serum lipoproteins.
Effects of ORP2 overexpression on LDL receptor expression and LDL uptake
The results suggesting a homoeostatic response to up-regulate cholesterol biosynthesis upon ORP2 induction prompted us to investigate the expression of LDL receptors and the endocytotic uptake of LDL in the ORP2/HeLa cell model. Cells were incubated in the absence or presence of doxycycline for 42 h and total protein samples were prepared for SDS/PAGE and Western blotting with LDL receptor antibodies. Up-regulation of the cellular LDL receptor that migrates at 160 kDa was detected in all three cell lines upon induction of ORP2 expression in complete serumcontaining medium ( Figure 7A ). According to densitometric scanning of the ECL ® films, the up-regulation was approx. 1.6-fold. When the cells were cultured in LPDS-containing medium, LDL receptor expression was strongly up-regulated under these conditions of lipid depletion, and no further change was observed upon induction of ORP2 expression (results not shown). We next assayed the cellular uptake of fluorescently labelled DiI-LDL in non-induced and induced ORP2/HeLa cells using a confocal microscope. The fluorescence observed in the endocytic compartments was clearly more intense in the induced cells ( Figures 7B-7D ), demonstrating enhancement of LDL uptake upon ORP2 overexpression. This result is in accordance with the increase in HMG-CoA reductase activity and supports the interpretation that a homoeostatic response to FC depletion occurs in the ORP2 expressing cells. Furthermore, it provides a plausible explanation for the fact that there is no significant decrease in the TC content of ORP2/HeLa induced in the presence of serum.
The effects of ORP2 overexpression on the endocytosis of dextran and Tfn
It was recently reported [16] that S. cerevisiae strains with disruptions of the yeast ORP (OSH) genes display defects in endocytosis accompanied by alterations in the subcellular distribution of ergosterol. This, together with the results demonstrating an increase in LDL uptake in induced ORP2/HeLa cells prompted us to investigate other endocytotic processes in these cells. To study fluid-phase endocytosis, non-induced and induced ORP2/HeLa cells were allowed to internalize rhodamine-dextran for 15 min. The intracellular dextran was imaged with a confocal microscope and quantified. The results revealed a significant (30-35 %) increase in rhodamine-dextran uptake in the induced ORP2/HeLa as compared with non-induced cells (Figures 8A-8C) . We then quantified the uptake and recycling of FITC-conjugated Tfn, a marker that is internalized via a receptor-mediated, clathrindependent route [29] . The uptake of the FITC-Tfn was monitored using the confocal microscope from cell specimens that had internalized the marker for 5 min. There was a marginal (10 %), not statistically significant increase in the uptake of the marker in the induced cells as compared with the non-induced ones ( Figures 8D-8F ). To determine whether recycling of the FITC-Tfn is affected by ORP2 overexpression, we internalized the marker for 1 h at 16
• C and then chased for 5 or 15 min in the presence of excess unlabelled holo-Tfn. The proportion of the internalized fluorescence remaining in the cells after the chase was determined.
The results revealed that FITC-Tfn was recycled from the noninduced and the induced cells at a similar rate ( Figure 8G ). The data suggest that ORP2 overexpression has, in addition to enhancement of LDL uptake, a profound effect on fluid-phase endocytosis, which may connect to the observations suggesting altered subcellular distribution of cholesterol in these cells.
Phosphoinositide binding by ORP2
ORP2 was reported in [30] to bind PtdIns(3)P and phosphatidic acid. This finding was made using phospholipids immobilized on nitrocellulose. We therefore decided to carry out similar experiments with a liposome pull-down assay that represents a more native setting for protein-lipid interactions [26] . A GST-ORP2 fusion protein produced in E. coli was immobilized on glutathione-Sepharose and incubated with radioactive PC liposomes containing 1 mol % of the seven different phosphoinositides. A GST fusion of the PH domain of PLCδ, which binds PtdIns(4,5)P 2 with high affinity and specificity (reviewed in [31] ) was used as a positive control, and plain GST immobilized on Sepharose as a negative one. The radioactivity found in the beads after pull-down and washes was measured. While the PLCδ PH domain bound 3.4 % of the PtdIns(4,5)P 2 and a small fraction of PtdIns(3,4,5)P 3 , the ORP2 fusion protein was found to bind PtdIns(3,4,5)P 3 with a reasonably high efficiency (2.2 %), and also showed detectable but low affinity for PtdIns(3,4)P 2 and PtdIns(3,5)P 2 ( Figure 9 ). No affinity for phosphatidic acid was observed (results not shown). The results suggest that ORP2 is capable of binding to phosphoinositides in membranes, which may account for its partial membrane association [14, 30] . Furthermore, since phosphoinositides and protein factors that associate with these lipids play key roles in endocytic membrane trafficking (reviewed in [32, 33] ), the interaction of ORP2 with these lipids may account for its effect on endocytosis.
DISCUSSION
In the present study, we show that the acute increase in cellular ORP2 concentration in inducible HeLa cell lines leads to enhancement of cholesterol efflux. The increase in efflux is, as also in the case of constitutively expressing CHO cell lines [14] , detectable using serum or non-apolipoprotein containing acceptors, strongly suggesting that ORP2 confers increased capacity for cholesterol removal on any acceptor. The increased efflux is not due to an increase in the PM cholesterol content, and furthermore, we found no evidence for a change in the distribution of cholesterol between raft and non-raft membrane domains upon ORP2 expression. Although a minor portion of ORP2 is membraneassociated, no significant association with isolated PMs was detected, ruling out the possibility that insertion of the protein directly into the PM would alter the accessibility of cholesterol for efflux. However, a transient peripheral interaction with the PM cannot be excluded based on this data. Analysis of the transport of newly synthesized [ 3 H]acetate-labelled cholesterol to a cyclodextrinaccessible PM pool suggested that ORP2 could enhance the intracellular trafficking of cholesterol, which would provide a possible explanation for the efflux increment caused by the protein.
It remained unclear during our previous study whether the ORP2-induced efflux enhancement is a primary effect of ORP2 or a secondary one due to the observed inhibition of ACAT activity and resulting increase of FC available for efflux. The fact that the ORP2/HeLa and the ORP2/CHO cells both show enhanced cholesterol efflux, but the cholesterol esterification phenotypes are Liposome pull-down assay was carried out as described in [26] . GST-ORP2 fusion protein (black bars) bound to glutathione-Sepharose beads was incubated with vesicles consisting of unlabelled PC, [ 14 C]PC and 1 mol % of the indicated phosphoinositide. 'PC' indicates binding to liposomes that consist of PC only. GST was used as a negative control (values subtracted from the results) and PH domain of PLCδ fused to GST (white bars) as a positive control. The radioactivity associated with the beads was measured by liquid-scintillation counting. The lipid binding is expressed as the percentage of total radioactivity recovered (mean + − S.E.M., n = 2).
different suggested that the observed increase of efflux is not a secondary phenomenon due to reduced cholesterol esterification. This interpretation is supported by the present data demonstrating that the ORP2 enhancement of cholesterol efflux remains even after abolishment of ACAT activity in control and ORP2/CHO cells with a pharmacological inhibitor.
The increased cholesterol efflux from both the inducible HeLa cells and the CHO cell lines that overexpress human ORP2 constitutively was accompanied by a homoeostatic response to up-regulate the cellular HMG-CoA reductase activity. The observed elevation of LDL receptor expression and DiI-LDL uptake in the induced ORP2/HeLa cells are consistent with a homoeostatic response to cholesterol depletion or enhanced transport of cholesterol out of the ER. The ORP2/HeLa cells also showed a tendency to increase cholesterol esterification. The latter result differed from those obtained for the ORP2/CHO cells, which were previously shown to display down-regulation of ACAT activity and cholesterol esterification [14] . Both ACAT and HMG-CoA reductase are subject to allosteric regulation by ER cholesterol levels [27, 28] . Therefore the data on ORP2/CHO would be consistent with a model in which loss of cholesterol from the PM leads to a decrease of ER cholesterol concentration and subsequent homoeostatic responses in cholesterol biosynthesis and esterification. However, the results obtained with ORP2/HeLa cells are not easily interpreted by the above simple paradigm of cholesterol homoeostasis. How is it possible that the HeLa cells show a tendency to increase cholesterol esterification concomitantly with enhanced efflux from the cell surface and depletion of FC? It was shown that cholesterol efflux via the diffusionmediated mechanism is not directly linked with the regulation of ACAT activity, whereas the ACAT-accessible cholesterol pool is intimately connected with the pool effluxed via the apolipoprotein-dependent mechanism [34] . On the other hand, Du et al. [35] recently reported that cholesterol esterification by ACAT can be dissociated from cholesterol transport to the homoeostatic machinery in the ER. It is therefore possible that, even though the efflux increment caused by the acute overexpression of ORP2 during a 42 h induction of the HeLa cell lines leads to a homoeostatic response detected as increased HMG-CoA reductase activity and LDL receptor expression, it does not involve the ACAT substrate cholesterol pool. The constitutive cholesterol depletion that occurs in the ORP2/CHO cell lines is, however, likely to affect both pools of cholesterol. It also induces other adaptive processes in cellular lipid metabolism, such as changes in the fatty acid composition of phospholipids [36] , an effect not detected in the inducible HeLa cell model.
The results obtained from our study on the effects of ORP2 on cellular cholesterol metabolism raise the question whether the protein might directly bind cholesterol or act as a cholesterol carrier protein. The high degree of sequence homology (47 % identical amino acid residues [17] ) with the sterol-binding domain of OSBP suggests that ORP2 might also bind sterols. Despite our efforts, we were not able to observe direct binding of cholesterol or oxysterols to ORP2. Furthermore, ORP2 was not observed to act as a cholesterol transfer protein in an assay that measures the transfer of radiolabelled cholesterol between vesicle populations in vitro (R. Hynynen, K. Tanhuanpää and V. M. Olkkonen, unpublished work). The mechanisms of inter-organelle cholesterol transport are poorly understood, and several alternative or parallel models have been suggested, one of which involves direct membrane contacts [4, 6] . ORP proteins have recently been implicated in the formation or regulation of contact sites between ER and other cellular membrane compartments [37] . Thus it can be envisaged that ORP2 may modulate the function of such contacts, providing one plausible explanation for its effects on the movement of cholesterol within cells.
The observed increase in endocytosis of a fluid-phase marker upon ORP2 expression is an interesting finding that may connect to alterations in cholesterol metabolism. This observation provides a parallel to the recent findings [16] of endocytosis defects in S. cerevisiae strains with disruptions of the yeast ORP (OSH) genes, accompanied by alterations in the subcellular distribution of ergosterol. Abnormality of membrane dynamics in the endocytotic routes may cause a change in the cycling of cholesterol between the early and recycling endosomal compartments and the PM. For example, manipulation of Rab GTPase function on endocytic compartments has been reported to modify cholesterol trafficking from endo/lysosomal compartments [38, 39] . On the other hand, alterations in the cholesterol content of membranes are known to cause changes in membrane trafficking. There is evidence that cholesterol manipulation affects both clathrindependent and -independent endocytic processes [40, 41] . The observed marked increase of DiI-LDL uptake by the induced, ORP2-expressing HeLa cells can be partially attributed to upregulation of LDL receptor expression. However, when the ORP2/ HeLa cells were cultured at high passage numbers, they no longer displayed up-regulation of LDL receptors, but the uptake of DiI-LDL was still significantly elevated upon ORP2 induction, indicating a component independent of the receptor expression level. A slight enhancement was also detected in the uptake of FITC-Tfn by the ORP2 expressing cells. Thus ORP2 affects both fluid-phase and receptor-mediated endocytosis.
ORP2 was found to bind PtdIns(3,4,5)P 3 in an in vitro assay, and also showed weak affinity for PtdIns(3,4)P 2 and PtdIns(3,5)P 2 . Most ORP proteins have a PH domain, and in the case of OSBP, this is known to interact with several phosphoinositides [42, 43] . ORP2, however, belongs to the category of short OSBPrelated proteins that lack a PH domain and consist of an OSBP-related ligand-binding domain only. Two other short ORPs, S. cerevisiae Kes1p/Osh4p [44] and human ORP1S [45] , a close homologue of ORP2, were shown to bind phosphoinositides. Our results are consistent with these findings, suggesting that the C-terminal ligand-binding domains of the ORPs contain phosphoinositide-binding motifs. However, we find it unlikely that these motifs would correspond to the sterol-binding site of OSBP. PtdIns(3,4,5)P 3 is a species that arises transiently at the PM as a result of phosphoinositide 3-kinase activity, stimulated by a number of cell-surface receptors (reviewed in [33, 46] ). In addition to central functions in signalling cascades, phosphoinositides with a phosphate in the 3-position play important roles in phagosome formation and endocytosis (reviewed in [32] ). PtdIns(3,4,5)P 3 interacts directly with the clathrin adaptor complexes AP-2 [47] and AP-3 [48] . Furthermore, PtdIns(3,4,5)P 3 binds to several GDP/GTP exchange factors (Grp1, cytohesin 1 and ARNO) and a GTPase-activating protein (centaurin-α 1 ) of the small Arf GTPases that play central roles in membrane trafficking in both the secretory and the endocytic routes (reviewed in [46] ). Interaction of ORP2 with PtdIns(3,4,5)P 3 can be envisioned to impact on endocytic processes, e.g. through modulation of the binding of other protein machineries to these lipid regulators. Another interesting possibility worth future investigation is that ORP2 might affect the synthesis or turnover of membrane phosphoinositides. 
